By employing a combination of three-dimensional atom-probe tomography and first-principles calculations, significant qualitative and quantitative differences in solute segregation at coherent and semicoherent interfaces bounding a single 0 precipitate in an Al-Cu-based alloy are found. Qualitatively, localized segregation is observed at the semicoherent interface, whereas delocalized behavior is present at the coherent facets. Quantitatively, segregation at the semicoherent interface is a factor of 2 greater than at the coherent interface, resulting in a decrease in interfacial energy that is more than 5 times greater than that observed at the coherent facet. These observations illustrate unambiguously the strong couplings among interface structure, chemical composition, and energetics. DOI: 10.1103/PhysRevLett.105.076102 PACS numbers: 68.35.Dv, 68.35.Md Precipitation strengthening is widely used for increasing the strength of metallic alloys. For example, in the automobile industry about a billion pounds of precipitationstrengthened Al alloys are used annually in internal combustion engines. Precipitation strengthening involves the addition of alloying elements at concentrations exceeding their solid solubility limits. At low temperatures, the supersaturated solute(s) will precipitate out of solution as second-phase precipitates. Since precipitates impede the motion of matrix dislocations [1], a significant increase in yield strength results.
Precipitation strengthening is widely used for increasing the strength of metallic alloys. For example, in the automobile industry about a billion pounds of precipitationstrengthened Al alloys are used annually in internal combustion engines. Precipitation strengthening involves the addition of alloying elements at concentrations exceeding their solid solubility limits. At low temperatures, the supersaturated solute(s) will precipitate out of solution as second-phase precipitates. Since precipitates impede the motion of matrix dislocations [1] , a significant increase in yield strength results.
Precipitation strengthening is strongly impacted by the character of the heterophase interface between the matrix and precipitate [1] . Particularly, the excess Helmholtz free energy associated with these interfaces controls the height of the free energy barrier for nucleation and concomitantly the number density of nuclei. Furthermore, a reduction in associated with the precipitate size distribution function is the thermodynamic driving force for precipitate coarsening. Finally, the anisotropy in interfacial energy among the facets of a precipitate influences the relative areal fraction of a given facet and therefore a precipitate's morphology.
In the case of multicomponent alloys, the chemistry (i.e., chemical composition) of the matrix-precipitate interface has the potential to impact strongly interfacial energies via solute atom segregation [2] . Of particular interest are differences in solute-interface interactions occurring at the distinct fhklg facets of a single precipitate. The facets vary in their orientation relationship, termination, and coherency; therefore, different interfacial compositions may be anticipated, resulting in changes to precipitate morphology and coarsening rates. Unfortunately, given the threedimensional (3D) nature of these buried interfaces, and the need to resolve chemical concentration gradients over interfacial regions on the subnanometer scale, the linkage between interfacial composition and interface structure is not a priori obvious.
Towards a more complete understanding of the couplings among interface structure, chemical composition, and energetics in multicomponent concentrated materials, we report direct evidence for significant qualitative and quantitative differences in solute segregation at coherent (CI) and semicoherent (SCI) interfaces bounding a single 0 precipitate in a multicomponent Al alloy. An atomprobe tomograph with a large area detector (200 Â 200 nm 2 ) permits us to obtain the requisite large data sets (>10 7 atoms) containing multiple precipitates despite the small number densities ($10 21 m À3 ) and high aspect ratios ($30:1) of the precipitates [3] . Additionally, firstprinciples calculations provide energetic explanations for the observed segregation behavior [4] . Our analyses reveal that segregation phenomena at CI and SCI are distinct: At CI the segregation profile is delocalized, whereas pronounced confined (localized) segregation is observed at SCI. Furthermore, the solute concentration levels resulting from decreases in the interfacial free energies are different. Segregation at the SCI is a factor of 2 greater than at the CI because its decrease in is more than 5 times greater than for the CI. This combination of experiment and computation [5] permits us to verify unambiguously the effects of coherency.
Experiments were performed on a multicomponent Al alloy (7.38 Si-1.54 Cu-0.17 Fe-0.35 Mg-0.13 Mn-0.05 Zn-balance Al, at. %), exhibiting 0 Al 2 Cu precipitates [3] . These precipitates possess a platelike morphology with CI to the -Al matrix along its broad flat faces and SCI at its periphery (Fig. 1) [6] . This morphology is interpretable in terms of a large anisotropy in , with the CI possessing a smaller (170 mJ m À2 ) compared to the SCI (520 mJ m À2 ) (also see Fig. 3 ) [6, 7] .
Samples were homogenized in air at 758 K for 24 h, followed by water quenching to 300 K, and then aged in air at 463 K for 8 h or at 533 K for 4 h. Aged samples were characterized by powder diffraction using synchrotron radiation at the Advanced Photon Source (Argonne National Laboratory), and the presence of 0 precipitates was confirmed for both aging conditions. A 3D local-electrode atom-probe (LEAP) tomograph [8, 9] was used with a specimen temperature of 40 AE 0:3 K and with a picosecond laser ( ¼ 532 nm) pulse energy and repetition rate of 0.7 nJ and 500 kHz, respectively. Samples were prepared by using a dual-beam focused ion beam microscope [10] . The proximity histogram method [11] was used for compositional analysis (Fig. 2) .
3D LEAP tomography results reveal a thin ($2 nm) and broad ($60 nm) platelet morphology [3] of 0 precipitates (Fig. 1) . By amassing large data sets we have imaged and analyzed both CI and SCI between the precipitate and the -Al matrix. The proxigrams [11] in Fig. 2 compare the concentrations of Al, Cu, Mg, Si, and Zn as a function of distance from the CI (left) and the SCI (right) after aging at 463 K for 8 h. The most striking result is a clear difference in the qualitative nature of segregation between CI and SCI: Significant confined segregation of Si and Mg is localized within $1 nm of the SCI, whereas the segregation profile at the CI is delocalized (decaying gradually into the precipitate core) and exhibits smaller peak solute concentrations. Significant segregation of Zn, Fe, or Mn was not observed. Samples aged at 533 K (not shown) exhibit similar segregation profiles but with smaller peak solute concentrations.
We quantify segregation utilizing the relative Gibbsian interfacial excess À rel i . For a planar interface between a system with two phases, and , and n ¼ 3 components, À rel i for component i is given by [12] 
where theÀ i 's are determined by using proxigram concentration profiles:
Here is the atomic density, Áx is the distance between the p concentration data points in the proxigram, c k i is the concentration of component i at each data point k ¼ on the -Al matrix side, and k ¼ on the 0 side of the heterophase interface. A similar method has been used for grain boundaries [13] and at heterophase interfaces in Al-ScMg alloys [14] . At the SCI for samples aged at 463 K, À rel i for Si and Mg with respect to Al and Cu are 10.04 and 4:65 atoms nm À2 , respectively (Table I) . These values are $4-6 times greater than that found for the CI. As expected, aging at 533 K reduces the interfacial excesses at both interfaces.
From the Gibbs adsorption theorem, the coefficient of reduction of due to segregation of component i with concentration c i at the interface is given by [13] [14] [15] 
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076102-2 Table I summarizes the concentrations of segregated Si and Mg solutes, their relative interfacial excesses, the resultant reductions in at both interfaces, and aging conditions. Measured solute concentrations at the SCI are approximately twice those observed at the CI; relative interfacial excesses are also greater by a factor of $4. Significantly, the higher degree of segregation at the SCI results in a reduction in that is 5 times greater than that observed for the CI. These results constitute definitive quantitative and qualitative evidence for the distinct nature of solute segregation at interfaces exhibiting differing states of coherency and, furthermore, illustrate that localized and delocalized segregation can occur at the same precipitate simultaneously. In general, the segregation profile at planar defects depends on both the dislocation structure of the interface and on thermodynamics. While it can be difficult to decouple these effects, the fixed composition of the alloy examined here (and hence fixed thermodynamics) suggests that dislocation structure is the predominant factor in determining segregation behavior in this system. In particular, we note that the SCI contain a high density of misfit dislocations (spacing d % 11:6 # A); these dislocations are absent from the CI. Prior studies of segregation have illustrated the importance of interactions between segregants and dislocation cores [16] .
To provide an energetic basis for the measured segregation behavior, the energies at 0 K for Si, Mg, and Zn solute segregation (ÁE seg ) at the coherent and semicoherent interfaces were calculated by using density functional theory [17, 18] . The two interface supercells employed are illustrated in Fig. 3 . Both models adopt the experimental precipitate-matrix orientation relationship ð001Þ 0 jjf001g Al and ½010 0 jj½010 Al and are based on existing atomistic models [6] . The CI model (Fig. 3, top) exhibits a small misfit strain of 0.7%, whereas the semicoherent model (Fig. 3, bottom) is strained by 5.1%. Figure 4 plots ÁE seg as a function of position relative to the interface for the CI (left) and SCI (right). (Sites having ÁE seg < 0 are favorable for segregation.) The far left data points, labeled ''Al b ,'' refer to a bulklike substitutional site in the -Al matrix; similarly, the far right point '' 0 b '' refers to a bulklike site within 0 . The separate data traces within each plot reflect the number of symmetry-distinct segregation sites near the interface planes.
Overall, the calculated segregation behavior is in very good agreement with the rank ordering of solute concentrations observed experimentally: Si > Mg > Zn. Accounting for site competition [19] , and counting only sites having moderately strong segregation energies (ÁE seg À0:10 eV), we find that (across both interfaces) 11 sites are favorable for Si segregation, whereas two are attractive for Mg and only one for Zn. Moreover, the number of favorable segregation sites for all solutes at the SCI (10) is significantly greater than at the CI (4), consistent with the larger solute concentrations measured at the SCI.
Regarding the spatial extent of the solute interfacial concentration profiles (i.e., localized vs delocalized), the distribution of segregation energies in Fig. 4 appears to reproduce approximately the experimental data. For example, compared to the CI, the SCI exhibit favorable ÁE seg values that are more strongly localized near the interface plane. For Si segregation at the SCI, the ÁE seg profile exhibits a minimum at the -Al interfacial plane (Al i ) and then decays for 3 adjacent layers into the 0 bulk. Like- wise, the SCI ÁE seg values for Mg display a sharp minimum only at the -Al interfacial layer, in further agreement with the 3D LEAP data. For the CI, Si segregation is strongly favored at 0 Cu-sublattice sites, and the calculated ÁE seg are nearly independent of depth; such behavior is consistent with the broad Si concentration profile observed experimentally. On the other hand, ÁE seg for Mg, while favorable for the Al i layer, is positive for layers deeper into 0 . This discrepancy with the 3D LEAP tomographic data may arise from the neglect of shorter-ranged solute-solute interactions in our supercell model, which have been shown to increase segregation at some grain boundaries [20] . Finally, for Zn, our calculations suggest that the negligible segregation observed by LEAP tomographic experiments at both interfaces arises from a combination of relatively small segregation energies and from site competition with stronger-segregating Si and Mg solutes.
In summary, a combination of 3D LEAP tomographic experiments and first-principles calculations have been used to characterize differences in interfacial solute segregation arising from the coherency state of the heterophase interfaces bounding a single nanoscale 0 precipitate. Both the magnitude and spatial distributions of the interfacial solute concentrations are strongly coupled to the density of interfacial misfit dislocations, with the semicoherent interface exhibiting significantly larger solute concentrations that are localized near the interface. First-principles calculations suggest that the measured segregation behavior can largely be explained by the energetics of noninteracting solute atoms. Our findings provide clear evidence of the intimate couplings among interface structure, chemical composition, and energetics.
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